Detailed three-dimensional images of P and S wave velocity and Poisson's ratio (σ) of the crust and upper mantle beneath Kyushu in SW Japan are determined, with a focus on the source area of the 2016 Kumamoto earthquake (M 7.3) that occurred in the Beppu-Shimabara graben (BSG) where four active volcanoes and many active faults exist. The 2016 Kumamoto earthquake took place in a high-velocity and low-σ zone in the upper crust, which is surrounded and underlain by low-velocity and high-σ anomalies in the upper mantle. This result suggests that, in and around the source zone of the 2016 Kumamoto earthquake, strong structural heterogeneities relating to active volcanoes and magmatic fluids exist, which may affect the seismogenesis. Along the BSG, low-velocity and high-σ anomalies do not exist everywhere in the upper mantle but mainly beneath the active volcanoes, suggesting that hot mantle upwelling is not the only cause of the graben. The BSG was most likely formed by joint effects of northward extension of the Okinawa Trough, westward extension of the Median Tectonic Line, and hot upwelling flow in the mantle wedge beneath the active volcanoes.
by thousands of aftershocks (M 1.0-5.9) to date 7 . The Kumamoto earthquakes were caused by ruptures of the Futagawa and Hinagu fault zones which are representative faults in Kyushu and form the southern boundary of the BSG 13 . This earthquake sequence has extended toward the southwest and the northeast, reaching Oita Prefecture in NE Kyushu, indicating that most of the BSG has been activated that is composed of many active faults 13, 14 . The closest volcano to the mainshock, Mt. Aso, has been more active before and after the Kumamoto earthquake, in particular, it erupted on 8 October 2016 (i.e., about 6 months after the Kumamoto mainshock), suggesting that the volcano and the earthquakes have been interacting with each other 15 . The 2016 Kumamoto earthquake caused 49 fatalities, over 1000 injured, and serious damage to the local infrastructures in Kumamoto and adjacent areas 7 .
Since the occurrence of the 2016 Kumamoto earthquake, many researchers have investigated the local seismicity and rupture process of the mainshock (e.g., Yagi et al. 16 , Yue et al. 17 and the references therein), whereas only a few studies were made to investigate the three-dimensional (3-D) seismic structure of the source area to understand the relationship between the crustal structure and tectonic processes that generated the Kumamoto earthquake sequence. Wang et al. 18 used P and S wave amplitude spectra of local earthquakes in the crust and the subducting PHS slab, including some Kumamoto aftershocks, to determine 3-D P and S wave attenuation (Qp and Qs) tomography down to 120 km depth beneath the Kumamoto source zone. Using a similar approach, Komatsu et al. 19 obtained Qp and Qs tomographic images down to ~40 km depth beneath central-north Kyushu using local events that occurred during 2002 to 2012, i.e., their data set does not include the 2016 Kumamoto aftershocks. Shito et al. 20 used arrival-time data of the Kumamoto aftershocks and other local crustal events during January 1996 to August 2016 to determine P and S wave velocity (Vp, Vs) tomography of the upper crust down to 20 km depth. Wang et al. 21 used arrival-time data of the first P waves and the Moho-reflected PmP waves from local crustal earthquakes to determine 3-D Vp tomography of the crust in the Kumamoto source area. These studies have generally shown that the 2016 Kumamoto earthquake occurred in a high-velocity (high-V) and low-attenuation (high-Q) zone in the upper crust, whereas low-velocity (low-V) and high-attenuation (low-Q) anomalies exist in the lower crust and upper (or uppermost) mantle beneath the source area.
In this work, we utilized a large number of arrival-time data of local shallow and intermediate-depth earthquakes including many Kumamoto aftershocks to determine detailed 3-D Vp, Vs and Poisson's ratio (σ) images of the crust and upper mantle down to 100 km depth beneath the entire Kyushu Island, with a focus on the 2016 Kumamoto source area and the BSG. Our results provide new insight into the structural heterogeneity in the crust and upper mantle beneath the BSG and its influence on the generation of the 2016 Kumamoto earthquake sequence, in particular, the effects of magmatic fluids and earthquake-volcano interactions in Kyushu. This study also sheds new light on the formation mechanism of the BSG.
Data
We used arrival-time data of local earthquakes recorded by the dense seismic network deployed on the Japan Islands, which is composed of permanent stations of the JMA Seismic Network, the Japan University Seismic Network, and the High-Sensitivity Seismic Network 22 . Since October 1997 seismograms recorded by these seismic networks have been transmitted to and processed by JMA to monitor seismic activity in and around Japan 22 . Arrival times of P and S waves are measured from the three-component seismograms with an automatic processing system and monitored by the network staff daily. The arrival-time data are used to determine hypocentral parameters for each local earthquake. The resulting data base for the hypocentral parameters as well as the P and S wave arrival times is known as the JMA unified earthquake catalogue 22 .
In this study, we selected a best set of events ( Fig. 1 ) from all the local earthquakes in and around Kyushu during June 2002 to November 2017 from the JMA unified earthquake catalogue. The seismicity is very active in Kyushu, but the event distribution is very inhomogeneous 7, 8 . To select a best set of events with a homogeneous hypocentral distribution required for tomographic inversion, we divided the study volume into many small cubic blocks. Among all the earthquakes in each block, only the best event is selected that has the maximum number of P and S wave arrivals and the smallest error in the hypocentral parameters. After several tries we found that the cubic blocks with a size of 10 km × 10 km × 1 km lead to an optimal data set with enough events. As a result, 6002 earthquakes are selected that took place in the crust and the subducting PHS slab beneath the study region and were recorded at 206 seismic stations ( Fig. 1 ). These events generated 179,951 P and 166,719 S wave arrival times that are used in the tomographic inversion. Note that many of the P and S wave arrivals in our data set were collected by staff of our Tohoku University, who picked P and S wave arrivals at all the stations that recorded each earthquake, in particular, at stations with large epicentral distances. In contrast, the JMA unified catalogue contains mainly P and S wave arrivals recorded at close stations for the purpose of routine earthquake location. The JMA arrival-time data have been double-checked by the research staff of our Tohoku University. The P-wave arrivals are measured from the vertical-component seismograms, whereas the S-wave arrivals are picked at horizontal-component seismograms. In our selected data set, the accuracy of the arrival times is estimated to be 0.05-0.15 s for P-waves and 0.10-0.15 s for S-waves. The arrivals with larger errors are not used in this study.
We have tried to select the data set with different sizes of cubic blocks, and used different data sets to conduct tomographic inversions. The results show that the obtained 3-D velocity models are essentially the same 23 . We can see that the mainshock occurred in a high-V and low-σ zone in the upper crust, whereas the lower crust right beneath the hypocenter exhibits average or slightly lower velocities but a high-σ. In the uppermost mantle under the mainshock hypocenter, Vp and Vs are very low, andσ is higher ( Fig. 5 ). In the areas adjacent to the mainshock hypocenter, prominent low-V and high-σ anomalies exist in the crust and upper mantle, in particular, under the active Aso and Unzen volcanoes ( Fig. 5 ). Figure 6 shows five vertical cross-sections of Vp, Vs andσ images across the BSG. A low-V and high-σ anomaly exists in the upper mantle beneath the graben, and the anomaly extends upward to the crust under the active volcanoes ( Fig. 6 ).
Results

Map
Detailed resolution analyses are made to examine the reliability and spatial resolution of the tomographic images. The results show that the above-mentioned main features are robust and reliable (for details, see Supplementary Figs S6-S15).
Discussion
Many geophysical and geochemical studies 1, 2, 24, 28, 29 have investigated the arc magmatism and volcanism in Kyushu. Close to the source zone of the 2016 Kumamoto earthquake, there exist Unzen and Aso volcanoes which are among the most active volcanoes in Japan. The latest eruption sequence of Unzen 7 began on 17 November 1990. The Aso volcano erupted recently on 8 October 2016, which is considered to be related to the 2016 Kumamoto earthquake 15 . Prominent low-V and high-σ zones are revealed under the volcanic front and back-arc area (Figs 3 and 4) . The low-V and high-σ anomalies are visible continuously or intermittently in the crust and mantle wedge, which may reflect hot and wet upwelling material driven by the PHS plate subduction 2,28 . Low-frequency micro-earthquakes (M 0.0-2.2), which are associated with upward migration of fluids and arc magma from the mantle wedge to the crust 30, 31 , took place in or around the low-V and high-σ zones in the lower crust and uppermost mantle beneath the active volcanoes (Fig. 5) . The low-V and high-σ anomalies revealed by our velocity tomography correspond very well to the low-Q zones revealed by seismic attenuation tomography 18, 19 and high-conductivity anomalies detected by electromagnetic imaging 32 .
The existence of low-V, low-Q and high-σ anomalies in the crust and mantle wedge under active volcanoes is a general seismological feature of subduction zones (see a recent review by Zhao 33 ). Hydrous minerals in the subducting slab break down with the increasing pressure and temperature, and fluids released to the mantle wedge trigger arc magmatism by hydrous melting 27, 34 . Geochemical studies have shown that volcanic rocks erupted from the Aso volcano have a greater contamination with slab-derived fluids than the other volcanoes in the BSG 1, 29 , which is consistent with our result showing that the low-V and high-σ anomaly under the Aso volcano is the most significant ( Fig. 4) .
Low-V and high-σ anomalies also appear in the forearc mantle wedge and lower crust (Figs 3 and 4) , which also exhibit strong attenuation (low-Q) in the Q tomography 18 . The low-V, low-Q and high-σ zones reflect the forearc mantle serpentinization due to the presence of abundant fluids from the dehydration of the young and warm PHS slab (Fig. 2) , as pointed out by several previous studies of seismic velocity 2,24,35 and attenuation 18, 19, 36 in Kyushu. Serpentinization is a common feature in the forearc mantle wedge when abundant fluids are released from a young and warm slab [37] [38] [39] . In general, a large volume of fluid exists in the forearc mantle wedge where the temperature is not high, which is the condition of serpentinization 25, 40 . Christensen 40 showed a relation between serpentinization and seismic velocity as well as Poisson's ratio. A low-V, low-Q and high-σ anomaly has been revealed in the forearc mantle wedge of many subduction zones 33 , such as central Japan 37 , Cascadia 38, 41 , and beneath the serpentinite seamounts in the Mariana forearc 42 . However, some researchers found that the forearc mantle in some regions exhibits high-V and/or high-Q 36, 43 or moderate V or Q 44 , where in general an old plate is subducting. Obviously, the relationship between seismic velocity/attenuation and serpentinization in different subduction zones cannot be attributed to the same causes. Wang et al. 18 revealed a higher Qp/Qs in the Kyushu forearc, which provides another piece of evidence for serpentinization, because a large volume of fluid in the serpentinized mantle wedge may increase Qp/Qs 45 . Earthquake generation is governed by the state of stress and strength on a fault 8, 16, 17 . In the past two decades, accumulating pieces of evidence from many studies with various approaches have shown that fluids play an important role in the nucleation of large earthquakes 5, [46] [47] [48] . Experimental studies have confirmed that fluids can significantly affect the frictional strength and the stability of sliding of a fault 49, 50 . Under the maximum horizontal compressive stress with the nearly east-west direction 8, 51, 52 , many normal faults have been developed in and around the BSG (Fig. 1a) , providing a fundamental condition for the earthquake generation. Our result show that the 2016 Kumamoto earthquake took place in a high-V and low-σ zone in the upper crust, whereas low-V and high-σ anomalies exist in the uppermost mantle beneath the Kumamoto source area (Fig. 5) . A low-resistivity zone is revealed north of the Futagawa fault, extending to at least 20 km depth and apparently bounded by the fault 53 . This low-resistivity anomaly may reflect the existence of fluids. Values of 3 He/ 4 He are higher in the fault area 8, 53 , which also implies a path for transporting fluids from the upper mantle to the surface. Fluids can reduce the friction coefficient and so the strength of a fault, and so can induce earthquakes 8, 46 . The nucleation-patch size of the Kumamoto earthquake may be on the order of 1-2 km or even smaller [54] [55] [56] [57] , whereas the lateral resolution of our tomography is ~20 km and its vertical resolution is 9-12 km in the source zone (Fig. S8 ). However, our results indicate that, in and around the source zone of the 2016 Kumamoto earthquake, strong structural heterogeneities relating to active volcanoes and magmatic fluids exist, which may affect the seismogenesis in the Kumamoto area. From this point of view, the causal mechanism of the Kumamoto earthquake seems similar to that of many large crustal earthquakes in Japan, in particular, those taking place nearby an active volcano, such as the 2000 western Tottori earthquake (M 7.3) and the 2016 central Tottori earthquake (M 6.6) which occurred near the Daisen volcano in western Honshu 5 , as well as the 2008 Iwate-Miyagi earthquake (M 7.2) which occurred near the Kurikoma volcano in NE Japan 58 .
The tectonics of SW Japan has undergone complex and significant changes in the past 15 Myr, being dominated by interactions between the PHS and Eurasian plates, whereas the major driver of the tectonics has been the ever-evolving subduction history of the PHS plate [59] [60] [61] [62] . The PHS plate is composed of two segments with significantly different ages separated by the Kyushu Palau Ridge: the Eocene-Cretaceous West Philippine Basin segment subducting at the Ryukyu Trench and beneath South Kyushu, and the younger Myr) Shikoku Basin segment subducting at the Nankai Trough. The age difference of the two segments has affected the slab dip angle of each segment, which in turn has caused the complexity of the tectonic and volcanic evolution of SW Japan. By 15 Ma, back-arc rifting in the Japan Sea and spreading in the Shikoku Basin had ceased. The PHS plate began to subduct northwards beneath the Eurasian plate at ~15 Ma. Some researchers proposed that the northward subduction of the PHS plate ceased during 10-6 Ma 59 , whereas others suggested that there was no late Miocene halt in the PHS plate subduction 60 or the subduction stagnated at another period (14-8 Ma) 62 . In Kyushu, features of the current subduction regime began around 6 Ma, and the subduction direction changed from the north to NNW 61 , which was coincident with the start of back-arc rifting in the Okinawa Trough. Southern Kyushu underwent ~30 degrees of anticlockwise rotation after ~6 Ma, which facilitated rifting in the BSG region 59 . North of the Median Tectonic Line (MTL), a rectangular volcano-tectonic depression of ~70 km long and ~40 km wide began forming at ~6 Ma 59 . From ~2 Ma to present, Kyushu has entered its latest tectonic phase, and the PHS plate has shifted its subduction direction from NNW to NW, which resulted in an increased dextral component of subduction, leading to intensified dextral motion along the MTL 59 . Current tectonics in Kyushu is dominated by ~72-79 mm/year convergence of the PHS and Eurasian plates at a slightly oblique (right-lateral sense) angle 59 .
Strike-slip and extensional faulting is ongoing in the BSG. Toward the southwest, along-strike of the BSG, active back-arc rifting continues to occur in the Okinawa Trough [59] [60] [61] [62] . Along the BSG, although low-V and high-σ anomalies are generally visible in the lower crust and uppermost mantle, the anomalies do not exist everywhere in the upper mantle but mainly beneath the active volcanoes ( Fig. 6 and Supplementary Figs S1-S3 ). Under the non-volcanic areas of the graben, the low-V and high-σ anomalies are not significant in the crust and upper mantle (Fig. 6 ). These results suggest that hot mantle upwelling seems not the main cause of this rift zone. The southern boundary of the BSG, the so-called Oita-Kumamoto tectonic line, is considered to be westward extension of the MTL 63 . The MTL, together with the Northern Chugoku shear zone 64 or the Southern Japan Sea fault zone 65 along the Japan Sea coast, are mainly caused by the oblique subduction of the PHS plate beneath the Eurasian plate, resulting in the right-lateral strike-slip motions along these tectonic lines and shear zones 64, 65 . From this viewpoint, the BSG is considered to be a passive rift rather than an active rift that is produced mainly by hot mantle upwelling or plumes 66 . However, because the BSG is located in the volcanic arc and back-arc areas where active volcanoes and magmatic fluids exist and the temperature is generally higher, the Eurasian plate becomes much thinner and mechanically much weaker in the BSG than that in Shikoku and central Japan. Thus, it is easier for the MTL to extend to northern Kyushu, being driven by the oblique subduction of the PHS plate. Taking into account all the previous results and the present findings, we deem that the BSG is produced by the joint effect of three factors: (1) 
Methods
We applied a tomographic method 4, 26 to our travel-time data to determine 3-D Vp and Vs models beneath Kyushu. A 3-D grid is arranged in the study volume. Hypocentral parameters of the local earthquakes and velocity perturbations at the grid nodes from an initial velocity model ( Supplementary Fig. S4 ) are taken to be unknown parameters. The perturbation of seismic velocity at any point in the study volume is computed by linearly interpolating the velocity perturbations at the eight grid nodes surrounding that point. Following the previous works of the study region 2,18,28,36 , depth variations of the Conrad and Moho boundaries ( Supplementary Fig. S5 ) and the upper interface of the subducting PHS slab ( Fig. 2a) are introduced into the model, since the three velocity boundaries beneath western Japan are found to exist and their geometries have been well determined by previous studies 25, 33, 67 . When these curved velocity discontinuities are included in the starting model, travel times and ray paths can be computed more precisely 26, 33 . A 3-D ray tracing technique 26 is applied to calculate theoretical travel times and ray paths. Elevations of seismic stations and the surface topography are considered in the 3-D ray tracing. The LSQR algorithm 68 with damping regularization is applied to solve the system of observation equations that relate the arrival-time data to the hypocentral and velocity parameters 33 . The local events are relocated in the inversion process, and their hypocentral uncertainties do not exceed 2 km, since all the events took place under Scientific REPORTS | (2018) 8:15488 | DOI:10.1038/s41598-018-33805-0 or very close to the dense seismic network (Fig. 1) . After the 3-D Vp and Vs models are determined, a model of Poisson's ratio (σ) is obtained 33, 46 with the formula = −σ − σ . (Vp/Vs) 2(1 )/(1 2 ) 2 Our optimal 3-D Vp and Vs models (Supplementary Figs S1 and S2) have a lateral grid interval of 0.2° and a vertical grid interval of 9-20 km. The P-wave root-mean-square (RMS) travel-time residuals before and after the inversion are 0.252 s and 0.196 s, respectively, and the corresponding S-wave RMS residuals are 0.334 s and 0.294 s, respectively. The variance reductions of the P and S wave data are 54% and 44%, respectively.
